Abstract. Recycling of sewage sludge (biosolids) to agricultural land is regarded as the best practicable environmental option and currently represents the main disposal route in the UK
Introduction
The production of sewage sludge (biosolids) in the UK is c. 1.5 million tonnes (dry-solids basis) per annum (Defra 2007) . Approximately 65% of this amount is treated to standards suitable for agricultural recycling. This includes conventional or enhanced treatment (≥99.9999% pathogens destruction) for combinable crops and harvested grass (ADAS 2001) . The rest of the sewage sludge is disposed of, mainly, through incineration and landfill. The recycling of biosolids to agriculture is usually regarded as the best practicable environmental option. It is also recognized that there is a cost advantage of recycling compared with other disposal routes such as incineration and landfill (Le 2007) .
Treated sludges are normally referred to as biosolids (MAFF 2000) . The fertiliser value of biosolids is directly related with the nutrient content of the material, particularly, nitrogen and phosphorus (CIWEM 1995) . The content of nitrogen and phosphorus are largely dependent on the treatment process and the type of sludge; e.g. liquid, cake or dried sludge. The concentration of nitrogen and phosphorus in biosolids may be sufficient to cover the requirements of agricultural crops (Gurjar 2001) and maintain soil fertility (MAFF 2000) . However, the content of potassium is often very low (Gurjar 2001) and it is not enough to meet crop requirements when biosolids are applied at rates in line with the standard farm practices. The use of biosolids is often restricted by a number of constraints such as spreading, transport, and handling of bulky materials, and policy measures. Sommers et al. (1976) highlighted that the use of sludges in agriculture has also been restricted by their variable chemical composition. Bowden and Hann (1997) stated that the amount of nitrogen available following land application is poorly understood. Low N:P ratios of biosolids can result in rapid build-up of soil phosphorus (soil P index) when recommendations are performed on the basis of plant available nitrogen. The combination of these factors determines a highly variable agronomic performance and reduces their reliability as fertiliser. A method developed in the UK by United Utilities plc by which biosolids are blended with mineral fertilisers such as urea and potash to produce organomineral fertilisers (OMFs) and improve the existing N:P:K ratios in the raw material was reported by Antille et al. (2008a & b) .
The purpose of this work was to identify the agronomic value of two organomineral fertilisers; namely OMF 15 and OMF 10 , in selected crops and soil types. To fulfill this aim, a series of interconnected studies under controlled conditions and field-scale trials were performed. Preliminary results of this investigation were reported earlier by Antille et al. (2008a) . Results reported herein correspond to the second year of this investigation; i.e. crop growing season 2007-08.
Methodology
The effects of the use of organomineral fertilisers (OMFs) on selected crops were determined in the following experiments: a. Experiment 1: a plot trial conducted in the field and using winter wheat (Triticum aestivum L var. Claire); b. Experiment 2: a pot trial conducted in a glasshouse using rye-grass (Lolium perenne L); and c. Experiment 3: an incubation study under controlled laboratory conditions to determine the release characteristics of N and P following application of OMF, urea, and super-phosphate (SP) to the soil.
The OMFs used in 2007-08 were the same as those of 2006-07: OMF 15 (≈15:4:4) and OMF 10 (≈10:4:4) with P and K expressed in % as P 2 O 5 and K 2 O respectively. The rationale behind these OMFs' formulations is explained in Antille et al. (2008b) .
A statistical analysis was undertaken using GenStat Release 10.1 (2007) and involved analysis of variance (ANOVA) and least significant differences to compare means. A 5% probability level was used (p<0.05). A brief description of laboratory analyses is provided in the Appendix.
Experiment 1: Plots trial
A plot trial was conducted in the field to determine the responses of grain yield, biomass, and harvest index in winter wheat to increasing N application rates for the two OMFs (OMF 15 and OMF 10 ), urea (46% N), and a biosolid granule (≈90% DM) having 4.53% N, 5.96% P 2 O 5 , and 0.26% K 2 O. The trial was conducted at Silsoe Farm at Cranfield University at Silsoe (CU@S) in the UK, on a sandy loam soil Cottenham series (King 1969) . The experimental site was surveyed in pre-harvest of 2006-07 so that individual plots could be re-located at the same place in subsequent crop seasons. This allowed the study of the effects of consecutive OMF's applications on the soil in the longer term. A total of 60 plots of 2 m x 5 m each were marked out (Figure 1) . . Fertiliser application to plots was performed manually. The plots were harvested mechanically using a DF-M660 plot combine harvester. Prior to combine harvesting the plots, quadrates of the crop were collected for determination of total biomass and harvest index. The weight of the grain in the quadrates was only used to estimate the harvest index; the grain yield for individual plots was determined according to the weight of the samples obtained with the combine harvester. Grain samples were also collected for determination of weight of 1000 grains (W 1000 ) and N concentration in grain (N grain ). All treatments were replicated three times except those plots having 250 kg [N] ha -1 which were replicated only two times to allow all the plots to fit within the designated experimental area. The most economic rates of N (MERN) and the maximum crop yields were calculated following the procedure proposed by James and Godwin (2003) .
Experiment 2: Pot trial
A pot trial using rye-grass was conducted in a glasshouse under controlled environmental conditions. Dry matter (DM) production and N concentration in oven-dried harvested plant material were determined to identify the responses of rye-grass to different levels of N fertilisation. N was applied at two different rates equivalent to 150 and 300 kg [N] ha -1 respectively. The experiment used the same fertiliser materials as those described above for experiment 1. The trial comprises two soil types; a sandy loam Cottenham series (King 1969) and a clay loam Holdenby series (King 1969) . Pots of 10 litres capacity were filled with 8 kg of air-dried soil and a layer of 25 mm of gravel was placed at the bottom to ensure free drainage. A full description of the pots can be found in Antille et al. (2008a) and an overview of the pot experiment and the glasshouse facility is shown in Figure 2 . Each treatment was replicated three times to facilitate the statistical analysis.
Although a total of three cuts were performed throughout the growing season (AprilSeptember 2008) , experimental data is only presented for the first two cuts in 2008. Fertiliser application (single application at full rate) took place immediately after the first cut of the grass so that the residual effect of the fertiliser applied in the previous year (growing season of 2007) upon the yield of the grass could be determined in the first cut in 2008. 
Control

Experiment 3: Incubation trial
An incubation experiment was conducted to quantify the release of N and P from OMF 15 in comparison with urea (46:0:0) and super-phosphate (0:46:0) respectively. The purpose of this experiment was to validate the results previously reported in Antille et al. (2008a) and obtain information regarding P release following application of OMF 15 to agricultural soils under controlled laboratory conditions. This information will help to determine whether crop's requirements for N and P could be matched at any given time throughout the main growing season. Additionally, this will indicate whether there is any risk of significantly increasing soil P index (soil extractable P) following OMF 15 and super-phosphate (SP) application to the soil. The experiment used the same soil types as those described for experiment 2. Pots of 0.25 litres capacity were filled with 200 g of air-dried soil sieved to pass 2 mm, mixed with fertiliser, and wetted-up to reach field capacity. Subsequently, the pots were placed in an incubator and maintained between field capacity (FC) and 75% FC at 25 degrees Celsius for 90 days. OECD (2002) recommends not exceeding 120 days incubation period as microbial activity may decline under such experimental conditions. Soil moisture losses were regularly replenished by adding de-ionised water to the pots on a mass basis as suggested by OECD (2002) and Smernik et al. (2004) . The experiment used two N and P rates equivalent to 150 and 300 kg [N] ha -1 and 150 and 300 kg [P 2 O 5 ] ha -1 respectively. In addition, a control with no fertiliser was also used. Four replicates per treatment were needed to facilitate the statistical analysis and off-set any variability in the chemical analyses (Kokkora 2008) . Soil samples for analysis of plant available N and soil extractable P were taken every 30 days. Total N and Total P were also analysed at the start of the experiment to determine background levels in the soil.
Results and discussion
Experiment 1: Plot trial
Fertiliser was applied on 5 April 2008 to all treated plots with the crop at growth stage 25-26; i.e. main shoot and 5-6 tillers (Tottman and Broad 1987) . Although a single N application was performed, the standard farm practice would dictate splitting the application of N into two or three dressings depending on the rate.
Grain yield responses of winter wheat to applied N for 2007-08 are shown in Figure 3 . The statistical analysis revealed that there were significant differences in grain yield between the control (no fertiliser added) and the treatments (p<0.001). Mean yields for the control and the treatments were 2667 and 7212 kg [grain] ha -1 respectively (LSD [5% level] =1023.6). Significant differences in grain yield with respect to the control were also recorded for the fertiliser type and the N rate (p values <0.001). However, the interaction between fertiliser type and N rate showed no statistical differences (p=0.865). This means that overall all fertiliser types produced very similar responses at any given rate of N application with exception of the biosolid which produced consistently lower grain yields compared with the rest of the fertiliser materials used. In general, grain yield increased with the concentration of N in the fertiliser with urea giving a higher yield compared with the OMFs and the biosolid. Interestingly, the OMF 15 resulted in a lower grain yield compared with OMF 10 but this may be due to poorer physical characteristics; i.e. particle size and size distribution, of the OMF 15 compared with the OMF 10 . Quadrate samples of the plots were collected for determination of total biomass and harvest index; i.e. the ratio of grain weight to total plant weight (Sinclair 1998) . The results are shown in Figures 4 and 5 respectively. Total biomass production showed significant differences between the control and the treatments (p<0.001), the N rate (p=0.001), and the fertiliser type (p<0.001) whereas it was not affected by the interaction between the N rate and the fertiliser type (p=0.251). The differences in total biomass recorded between fertiliser types are explained by fact that total biomass production was seriously affected when biosolids were used as fertiliser. However, this was not observed when OMFs or urea were used. It also appears that in fertilised plots, increased biomass production resulted in higher grain yields without resulting in significant changes in harvest indexes. This is in close agreement with White and Wilson (2006) who stated that changes in grain yield of winter wheat are more strongly linked to changes in biomass than harvest index. The analysis of variance for harvest index showed that there were significant differences between the control and the treatments (p<0.001). The analysis of the N content in the grain (N grain ) revealed that the control was significantly lower than the treatments (p=0.005). Similarly, significant differences were found for the control and the treatments with respect to N application rate and fertiliser type (p values <0.001). However, the interaction between the fertiliser type and the N application rate showed no significant differences (p=0.083). There appears to be a strong correlation between the application rate of N and N grain . The N content in the fertiliser and in particular the concentration of readily available N in the fertiliser was also positively correlated with N grain . It is important to highlight that changes in N grain are better explained by changes in the application rate of N and to a lesser extent by the fertiliser type and the interaction between nitrogen rate and fertiliser type. These results are shown in Figure 7 below. 
Maximum grain yields and MERNs
Using the quadratic equations given in Figure 3 , and following the procedure described by James and Godwin (2003) , the N fertiliser rate at which the maximum grain yields are obtained were calculated by equating the first order differential to zero. Then, using the price ratios (R p ) reported by Antille et al. (2008a) , the most economic rates of N (MERNs) were also calculated.
The price ratio was defined by Kachanoski et al. (1996) as the price of N fertiliser (P N ) in £ t -1 divided by the price of the crop (P C ) also in £ t -1 . The maximum grain yields and the MERNs thereby calculated and the correspondent grain yields at the MERNs are shown in Table 1 below. Notice that the most economic rate of N results in grain yields being lower than the maximum grain yield as this indicates the point where the economic return from the applied N is maximised which is not necessarily the maximum grain yield. Previous results reported by Antille et al. (2008a) showed that when the readily available N content in the fertiliser increases, the MERN decreases. As shown in Table 1 this is only valid for urea and OMF 10 but this statement cannot be supported for the OMF 15 . A possible explanation is that the physical characteristics of the OMF 15 in terms of particle size and size distribution were of inferior quality compared with both OMF 10 and urea and this may be reflected in its overall agronomic performance.
Residual OMF
OMF particles were collected from the soil surface in pre-harvest of wheat to determine their chemical composition. Sampling was performed by collecting OMF and biosolids particles only from the correspondent plots that received the highest N application rates; i.e. 200 and 250 kg N ha -1
, as it was easier to identify the fertiliser granules when the volume of material applied to the plot was larger. This analysis provided a valuable indication regarding the nutrient release characteristics; particularly N and P, of the two OMFs and the biosolid during the crop growing season. Table 2 shows the composition of the material at the time the fertiliser was applied; i.e. April 2008, and at pre-harvest of the crop; i.e. September 2008. Notice that in all cases the fertiliser was applied on the soil surface and there was no incorporation into the soil following application. The N contained in the biosolid is mostly organic N. As can be read from Table 2 above, approximately 60-65% of this N remained in the fertiliser particle after the crop growing season. This indicated that only 35-40% of the total N applied in the form of biosolids was mineralised and therefore became available to the crop. The total amount of N remaining in both OMFs were very similar; it appeared that following early spring application, the mineral N fraction of the OMFs was entirely released whereas the organic N fraction released only 40-45% of its N. In addition, and assuming the organic N fraction in the OMFs and the biosolid prior to soil application were equivalent, it can be seen that this N fraction was reduced further in the OMFs compared with the biosolid during the same period of time.
A possible explanation is that the addition of mineral N during the coating process of the OMF reduces the C:N ratio in the biosolid facilitating the mineralisation of organic N to a further extent compared with the biosolid following soil application.
Soil analyses performed in post-harvest of plots indicated that the application of biosolids, OMFs, and urea significantly increased total N levels in the soil (p=0.002) with respect to the controls where no fertiliser had been applied. This is valid when comparing the treatments against the initial level of total N in the soil; i.e. before fertiliser application in 2006-07, and between the treatments and the control in post-harvest of plots in 2008. With respect to fertiliser type, the maximum increase in the level of total N in the soil in post-harvest was observed when the biosolid was applied (mean values of total N were 0.147 and 0.165% for the control and the biosolid respectively; LSD [5% level] =0.0078). This is explained by the fact that a slower N mineralisation rate in the biosolid compared with the OMFs reduced the amount of N up-take by the crop. Lower N available to the crop also resulted in total biomass being negatively affected (Figure 4 ) which compromised grain yield and reduced N off-take. This resulted in a surplus of N in the soil after the harvest of the crop. Therefore, for the N rates and fertiliser types used in this experiment, it is more likely to increase the TN level in the soil when the organic N fraction in the fertiliser is increased at expense of the mineral N. These results are shown in Figure 8 . The amount of P encountered in the biosolid in pre-harvest of the crop remained almost unchanged. The reason for this is that the majority of the P in the biosolid is inorganic-P and it is present in the form of Fe, Al, and Ca phosphates (Wise 1999) . These inorganic compounds are formed in the tertiary treatment during the chemical removal of P from the wastewater effluent by means of precipitation. Removal by precipitation affects the bioavailability of P since insoluble inorganic-P compounds are not readily available for plant up-take (de Haan 1980; Lu and O'Connor 2001) . Soil analyses performed in post-harvest of the crop in 2008 revealed that soil extractable P in fertilised plots was not significantly different (p=0.723) from the controls where no fertiliser had been applied (mean values of 68.5 and 66.7 mg [P] kg -1 soil respectively and LSD [5% level] =9.92). Overall, no significant differences were found with respect to fertiliser rate, fertiliser type (except when comparing biosolid vs. urea amended plots), and the interaction between the rate and the fertiliser type (p values of 0.338, 0.085, and 0.213 respectively). The same is valid when comparing the initial level of soil extractable P; i.e. before fertiliser application for the harvest season 2006-07, and the values encountered after the harvest in 2008 (p=0.962) . This means that soil extractable P, and consequently soil P index, were not significantly changed after two consecutive years of OMF application. This is important as it is usually of great concern in soils of good P status increasing existing levels of soil extractable P when continue applications of biosolids are practiced. However, further analyses are needed to determine whether the total P level in the soil was significantly changed by insoluble inorganic-P compounds added with biosolids. It also appears that K was entirely released during the crop growing season. This is due to the fact that K is present in the OMF in a soluble form. Overall, no significant differences in dry matter production were found in the first cut for any of the treatments including the controls (p=0.492). This may be attributable to similar levels of soil mineral nitrogen (SMN) encountered in pre-harvest of the grass. This also indicates that the organic-N fraction present in the OMF applied in April 2007 had been either completely mineralised and removed with the crop in the previous three cuts; i.e. April-September 2007, or that they constitute a very stable organic-N fraction and therefore could not be easily mineralised. In both cases, mineral N supply to the crop up to the first cut appeared to occur at a rate equivalent to the mineralisation rate of soil organic N. It was previously shown for the plots (experiment 1) that the organic N in the OMF and the biosolid was reduced to approximately 60% of the total organic N after the harvest. This finding provides only an indication and cannot be fully extrapolated for the pots as fertiliser in the plots was surface applied whereas for the pots in 2007 the fertiliser was soil incorporated. Analysis of total N performed in the soil prior to fertiliser application in 2008 revealed that overall the clay loam soil had a larger amount of total N compared with the sandy loam soil (p<0.001). Similarly, significant differences were observed across the whole experiment between the control and the treatments (p<0.001). In addition, the treatments showed significant differences (p<0.001) in total N in the soil with respect to the fertiliser type applied in 2007 with biosolid amended pots having the highest level of total N. This also confirms what was observed for experiment 1 regarding the relationship between the mineralisation rate of the N in the fertiliser and total N in the soil. For the second cut, significant differences in grass yield were encountered between the control and the treatments (p<0.001) and the same was observed for each soil when comparing fertiliser types (p=0.003). The interaction between fertiliser type and N application rate was found to be not significant (p=0.362). This is explained by fact that similar yields were obtained at the same level of fertilisation with different fertiliser types. Interestingly, urea produced similar yields at both levels of N application rates (mean values of 3391 and 3737 kg [DM] ha -1 respectively; LSD 5% level =451.4). When the biosolid was applied, yields were consistently lower than those obtained with any other fertiliser material. This indicates that the organic N present in the biosolid mineralised at a very low rate; therefore, it was not able to sustain a high level of yield. These conclusions appear to be in agreement with Antille et al. (2008a) who reported that increased concentration of readily available N in the fertiliser significantly increased dry matter production in rye-grass although this could not be demonstrated for the N concentration in harvested plant material in 2008. When the biosolid was used, it appeared that lower dry matter production resulted also in more N concentration in plant material especially at 300 kg [N] ha 
Experiment 3: Incubation trial
a. Nitrogen
Overall, N mineralisation in the clay loam was significantly higher than the sandy loam soil (p<0.001). This is attributable to higher level of soil organic matter in the former soil (SOM [Clay loam] =5.10%; SOM [Sandy loam] =3.60%). The same observation was reported in a previous investigation (Antille et al. 2008a) . As expected, the control (no fertiliser added) produced a significantly lower amount of total oxides of N (TON) compared with the treatments after a three months incubation period (p<0.001). Significant differences in TON were also encountered for each soil type with respect to N application rate and the interaction between the N rate and fertiliser type (p<0.001 and p=0.043 respectively). When N application rate was increased from 150 to 300 kg [N] ha -1 the net value of TON at the end of the three months period was found to increase from 105.5 to 164.5 (Antille et al. 2008a ), TON in both fertilised and non-fertilised soils were found to increase progressively during the three months incubation period. The experiment was not continued further than 90 days as there is evidence that microbial activity starts declining beyond this point in time under such experimental conditions (OECD 2002) . It can be stated that the overall reduction in the amount of TON previously reported (Antille et al. 2008a) in the fourth month after the start of the experiment was therefore due to an overall decrease in the microbial activity. Figure 11 shows the increase in TON over time for the three months incubation period for the two fertiliser materials and the control. Notice that the values in the graph correspond to mean TON values including the two soil types and the two rates used in this experiment. The information presented in Figure 11 can be broken down to show the effect of the fertiliser type upon N mineralisation for the two soil types and N application rates used in this experiment; these are shown in Figure 12 . It is interesting to note that the largest increase in TON was found to occur during the first 30 days after the start of the experiment. This is valid for all the treatments including the controls (non-fertilised soils). In general, OMF 15 and urea amended soils showed a steeper slope in the regression lines during the first 30 days compared with the controls which can be attributable to NH 4 + -N being rapidly converted to NO 3 --N under the prevailing experimental conditions. This NH 4 + -N is released from urea and the mineral N fraction present in the OMF. After the first 30 days, the regression lines in all cases are approximately parallel suggesting that N mineralisation continued at a rate similar to that of soil organic N. This appears to be consistent with the analyses of residual OMF particles performed for the plots (experiment 1) in preharvest of the crop where only 40-45% of the organic OMF-N was released and therefore converted to mineral N during the crop growing season (April -September 2008). The fact that organic OMF-N was not mineralised at a faster rate also helps to explain why grass yields (experiment 2) were similar between fertilised and non-fertilised soils in the first cut in 2008. Once the readily available N was released and taken-up by the crop in the previous cuts, the organic N fraction of the OMF was not mineralised at a rate sufficient to sustain a significantly higher yield compared with the controls. The practical implication is that OMF should be applied early in the spring to allow sufficient time for the organic OMF-N to mineralise. However, given the slow mineralisation rate of organic OMF-N, crop requirements for N may be subsequently adjusted by using an N fertiliser with higher concentration of readily available N such as urea or ammonium nitrate.
b. Phosphorus
Due to the effect that soil pH has upon availability of soil P (Troeh and Thompson 1993) ; determination of soil pH was performed prior to the start of the experiment for the two soil types used in this investigation. Soil pH values were 6.96 and 6.60 for the sandy loam and the clay loam soils respectively which suggested that P availability would not be negatively affected by soil pH.
The statistical analysis revealed that after an incubation period of three months, the application of fertiliser to the soil significantly increased (p<0.001) soil extractable P with respect to the control soil where no fertilised had been added. Significant differences in soil extractable P were also found for the control and the treatments with respect to fertiliser type (p<0.001). Although the application of OMF 15 resulted in soil extractable P being marginally increased compared with the control, the overall effect of fertiliser application was due to the use of super-phosphate (SP). Mean values of soil extractable P were 79.7, 81.3, and 92.5 mg [P] kg -1 [soil] for the control, OMF 15 , and SP amended soils respectively (LSD [5% level] =1.16). These values reflect the low solubility of inorganic P fractions present in the biosolid which is linked to the chemical removal of P from the wastewater effluent during the tertiary treatment. The removal of P by precipitation results in Fe, Al, and Ca-phosphates which are unavailable for plant up-take. Chemical analyses performed on the biosolid indicated that the amount of water soluble P is c.0.2% P as P 2 O 5 (% w w -1
). This suggests that the majority of the P in the OMF is not available P. It is understood that the net availability of P following application of biosolids to the soil is controlled by chemisorption and precipitation reactions of P and mineralisation of organic P (Taylor et al. 1978) . EC (2003) stated that a small amount of organic P in the form of organic phosphates may be found in sludges (generally ≤ 6% of the total-P). The relative increase of soil extractable P in OMF amended soils compared with the controls, although very small, could be attributable to both water soluble P already present in the biosolid and mineralisation of organic P in the biosolid during the incubation period. It remains unclear whether the addition of urea to the biosolid during the coating process has any effect upon P availability in the OMF as a result of changes in pH during the process. Figure 13 shows the increase in soil extractable P over time for the three months incubation period for the two fertiliser materials and the control. Notice that the values in the graph correspond to mean extractable P values including the two soil types and the two rates used in this experiment. As can be seen from the graph, the application of SP resulted in significantly higher values of soil extractable P compared with the control and OMF 15 (p<0.001); however, this was not observed between the OMF 15 and the controls. The information presented in Figure 13 can be broken down to show the effect of the fertiliser type upon soil extractable P for the two soil types and P application rates used in this experiment; these are shown in Figure 14 below. Clearly, the application of OMF 15 to the soil cannot explain changes in soil extractable P; however, the use of SP resulted in soil extractable P being significantly increased after three months. The majority of this P becomes available during the first month from the start of the incubation experiment. Therefore, if P was not applied in excess of crop requirement it would be expected that any increase in soil extractable P was counter-balanced by crop up-take during the crop growing season and that changes in the level of available P in the soil were only temporary. As highlighted earlier for plots experiment (experiment 1), the application of biosolids and OMFs to winter wheat did not result in significant changes in soil extractable P after two consecutives crop seasons. This is consistent with the results shown in Figure 14 for incubation experiment. It also appears that the availability of P derived from the use of biosolids or OMFs may be sustained for several years following application. Wise (1999) stated that on this basis, the use of sludges is better justified to meet crop requirements for P of the whole crop rotation and not for individual years providing soil-P status is already satisfactory. Further analyses are needed to determine whether total P levels remain unchanged.
